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Electrification of drivelines of electric vehicles (EVs) can give rise to damaging shaft voltages/currents that can 
potentially impair the tribological performance of sliding and rolling elements in these driveline systems. In fact, 
previous research has shown that the existence of shaft voltages/currents in electric machines is indeed highly 
detrimental for the service life of tribological components of EVs. Such currents/voltages originate from mag- 
netic flux asymmetry, inverter-induced voltage and triboelectrification and may also interfere with the normal 
sliding condition of other electrically conductive tribological components connected to the electric motors in 
addition to those that are comprised in the driveline, e.g., gears. In the past, the influence of shaft voltages/ 
currents in gear systems has been explored scarcely. Accordingly, this work aims to investigate specifically the 
lubricated sliding friction and wear behavior of gear materials under the influence of DC electrification. For this, 
many tests were conducted on a gear material in a two-electrode-cell-based pin-on-disc tribometer representing 
the sliding contact of a gear interface. The tests were run under different currents (0, 1.5 and 3 A) and using 
different lubricants (pure mineral base oil, gear oil and transformer oil). The differences in sliding contact 
temperature, coefficient of friction (CoF), wear volumes and underlying mechanisms, as well as the chemical 
changes occurred in the lubricating oils by electrification are analyzed and discussed. Overall, the results 
confirmed that electrification can indeed have a strong influence on friction and wear of gear materials besides 
increasing contact temperature and thus accelerating the oxidation at the sliding interfaces for all the lubricants. 
The increase in wear is most likely due to three-body abrasion caused by increased oxidation and/or oxide-based 
debris formation under electrification. CoF was found to decrease by electrification, which was ascribed to the 
formation of a larger wear scar (that reduced contact pressure) and continuous replenishment of an oxide layer 
affording Lower Friction To Sliding Surfaces. 


1. Introduction 


Drivelines of modern electric vehicles (EVs) are designed using 
different architectures than the IC engines by considering the much 
harsher operational conditions of such vehicles. Usually, in EVs, the 
drivelines can consist of one or two electric motors (EMs) coupled to a 
fixed ratio (single speed) or multi-speed (two-speed) gear transmission 
[1], which are required to match the EM torque-speed curve with that of 
the vehicle’s output torque-speed curve [2,3]. EM’s operation can cause 
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undesirable electromagnetic fields and shaft currents affecting the 
tribological performance of the moving mechanical elements including 
bearings, gears, synchronizers, etc. in the driveline system. The degra- 
dation of lifetime of bearings by shaft currents in electric machines (i.e., 
EMs and generators) has long been realized since the early 1900s and 
studied to some extent to understand their effects on performance and 
durability of EMs [4-6]. For the rapidly growing modern electric vehi- 
cles, similar shaft currents (mostly arising from magnetic flux asym- 
metry, inverter inputs and triboelectrification) are found to have serious 
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Fig. 1. (a) Electric motor schematic showing shaft currents direction toward powertrain gears; (b) Lubricated gear tooth contact generating a transitory capaci- 


tive system. 


detrimental effects on bearings and gear systems, as broadly reported by 
previous investigators [7-10]. Up to now, some practical solutions have 
been proposed for diminishing this problem. Some of these solutions 
include the implementation of modified cable shielding, refining the 
grounding of the motor housing, single-phase filters or an electromag- 
netic shield between the stator and rotor, grounding the rotor, insulating 
bearings or increasing the dielectric constant of lubricants [7]. Recently, 
a series of more effective insulation methods of bearings [11-13] and 
more advanced lubricants with higher dielectric and cooling properties 
[10,14-18] have been shown to be the much better solutions for the EV 
applications and tribology communities [1,19]. 

Most of the research on reducing or avoiding the detrimental effects 
of shaft currents has been centered on bearings [7]. Nonetheless, gears 
also being part of the driveline may also be exposed to shaft voltages, in 
particular, if the bearings are insulated in some way. If shaft voltages did 
not discharge in the powertrain bearings or ground, the most likely other 
component at which shaft voltages may discharge will be gears, as 
illustrated in Fig. 1a, or other sliding conductive element in the trans- 
mission. In a similar process, the gear teeth interfaces may produce an 
equivalent capacitive system as in bearings [8] especially when gear 
teeth are in imminent lubricated contact, as shown in Fig. 1b. The 
produced capacitances will allow shaft currents to build-up a voltage 
between the gear teeth, which will discharge as surfaces asperities 
approach each other. Then, when the dielectric strength of the lubricant 
is surpassed or there is boundary lubrication situation, an electric 
discharge may occur generating an alteration in CoF and wear at the 
gear sliding interface [20]. Various research groups have investigated 
the influence of electrical currents on friction and wear of sliding 
lubricated metallic interfaces via different triboelectrochemistry tech- 
niques [21]. The key mechanisms proposed by them on electrical cur- 
rents’ effect on friction and wear have largely been focused on the 
degree of adsorption and/or desorption of additives on sliding surfaces 
and alteration of redox reactions at the sliding interface because of the 
presence of either oxygen in air or additives [21-24]. However, these 
mechanisms are too general to describe and predict the true effects of 
electrical currents on the tribological behavior of each tribosystem, so a 
more systematic evaluation leading to much better understanding is 
needed. Due to the lack of published works contributing to better 
knowledge and understanding about the true effects of electrical current 
on the behavior of gear contacts under electrified and lubricated envi- 
ronments, this study was carried out to determine the tribological 
behavior of a gear material using three different lubricants having 
different chemical composition, viscosity and dielectric strength (base 
mineral oil, fully formulated gear oil and transformer oil) in the presence 
of external electrical DC currents in a two-electrode cell-based 
pin-on-disc tester. 


2. Experimental details 
2.1. Test set-up and materials 


A pin-on-disc tester was instrumented to operate as a two-electrode 
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Fig. 2. Schematic view of the pin-on-disc set-up. 


Table 1 

Pin-on-disc testing conditions. 
Parameter Value 
DC current (A) 0, 1.5, 3.0 
Load (N) 15 
Hertzian contact pressure (MPa) 750 
Sliding speed (m/s) 0.1 
Sliding distance (m) 300 
Room temperature (°C) 22 
Oil quantity per test (mL) 15 
Test repeats 3 


cell for performing highly controllable and isolated unelectrified and 
electrified lubricated sliding tests, as depicted in Fig. 2. Similar pin-on- 
disc testers have been demonstrated as a suitable method for assessing 
the sliding contact behaviors of gears under lubricated condition by 
some other research groups [25,26]. The test conditions are shown in 
Table 1. The test protocol consists of loading a pin sample against a 
rotating disc sample at a predefined load. For the electrified testing, a DC 
current is applied to the contact interface during the test by using a DC 
power supply device (Keithley, 2230-30-1). The device is connected to 
the pin and disc samples, respectively. The pin sample is fixed in an 
insulating polylactic acid (PLA) holder meanwhile the disc sample is 
positioned into a PLA container to allow the insulation of the sliding 
contact. Both pin holder and container were 3D printed at 100% infill. A 
new set of PLA holder and container was used for each lubricant tested. 
The disc container was also used as oil pool to keep the sliding contact 
totally immersed in lubricant during the whole test. A carbon brush was 
used to conduct electricity by rubbing it against the rotating disc during 
the test. The friction coefficient (CoF) is determined by Eq. (1). Friction 
force, F,, was measured and logged during sliding at a constant applied 
load, N, through a force sensor (capacity of +50 N with accuracy of 0.01 
N) and a data acquisition software for post analyses. Since voltage, V, is 
expected to vary at a constant current, I, because of the variation of the 
electrical contact resistance (ECR) during sliding, voltage changes were 
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Table 2 
Viscosity and dielectric strength properties of the oils tested. 


Property Mineral base Gear oil API Transformer oil 
oil (Group II) GL-5 (SAE 80- (Paraffinic base) 
w90) 
Dielectric strength 24 + 2.6 199439 45 
(ASTM D1816), 
(kv) 
Viscosity at 40 °C, 42 145 12 
(cSt) 
Viscosity at 100 °C, 6.5 14.7 4.9 
(cSt) 
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25mm 
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zis Wedge slot 
Fig. 3. Geometrical characteristics of gear material pin and disc specimens. 


monitored and acquired by a voltmeter. Then, the electrical contact 
resistance (ECR) was estimated by Ohm’s equation (Eq. 2). DC current 
was selected to replicate to some extent the electric environment 
occurring in EV’s motors, which can operate either under AC or DC 
current [1]. Moreover, DC current was useful to discover the effect of a 
well-controlled or constant current on the tribological behavior of the 
tribopairs as a first research approach. It is well known that stray cur- 
rents and voltages in electric drivelines are not constant and their 
magnitude and amplitude can vary depending on the hardware and 
electronics system. For example, it was found that a 1.5 kW induction 
motor can produce stray currents (with the nature of short circuit) with 
amplitudes in the range of 0.2-1.4 A [27]. Therefore, we selected two 
levels of current (1.5 and 3 A) to approach a severe condition of stray 
currents and to accelerate the deleterious effect of current discharge or 
passage through the interfaces. 


CoF = (1) 


ECR= 


she a 


(2) 


Three different lubricants were selected for the testing: a mineral base 
oil (Group II), a gear oil (mineral paraffinic base) and a transformer oil 
(mineral paraffinic base). The neat mineral oil was selected to evaluate 
the effects of electrification on the behavior of a neat base oil, as a 
reference. It is useful to determine the possible influence of additives on 
friction and wear behaviors under electrified conditions. The gear oil 
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Fig. 5. Disc specimen after testing with mineral oil, showing: (a) normal wear 
process with no electrification testing; and (b) oxide layer formed on the wear 
track by electrification. 


was chosen to determine the effects of electrification on the behavior of 
a conventional lubricant for gear transmission systems. Finally, since 
dielectric properties of lubricants are expected to have a significant in- 
fluence on the tribological behavior of the interface, a transformer oil 
(which has much higher dielectric strength than the others) was 
selected. The data of the tested lubricants are shown in Table 2. The pin 
and disc samples (see Fig. 3) were made of AISI 4140 gear steel, auste- 
nitized for 1 h at 860 °C and then oil quenched; which is a common 
thermal process for gear materials [28]. Both pin and disc samples had a 
hardness of 54.6 + 0.5 HRC and mean roughness (Ra) of 0.11 + 0.01 
um. The roughness was in the range of grounded gears (~0.25 um [29]). 
A bore was machined in the base of the pins ends to insert a K-type 
thermocouple for measuring the temperature as close as possible to the 
contact interface (2 mm below the tip). A wedge slot was machined in 
each disc sample to secure them in the proper position inside the oil 
container during the sliding test. The change of temperature obtained at 
the end of each test was reported. The wear volume values for the pins 
and discs were calculated by optical microscopy according to ASTM G99 
standard method . The generated wear scars and tracks on the pin and 
disc specimens were examined and measured using an optical micro- 
scope (Olympus, SZX7) and a scanning electron microscope (Jeol, 
JSM-6010LA). The chemical changes occurred in the oil by the electri- 
fied testing were analyzed by IR spectroscopy in an Agilent Cary 630 
spectrometer recording the spectra in the wavelength range of 
400-4000 cm? 


3. Results and discussions 


Fig. 4 shows the results of wear volume measurement on pins and 
discs samples tested under unelectrified and electrified (1.5 and 3 A) 
conditions for all the oils. In general, the wear volume of both the pin 
and disc samples increased significantly (about >100% for pin samples) 
in the presence of external electrical currents for both the base oil and 
gear oil. Among others, the mineral base oil suffered the largest overall 
wear for all the test cases. In contrast, the generated wear volume in both 
pin and disk samples using the transformer oil was rather negligible 
regardless of the electrification, which can be ascribed to the high 
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Fig. 4. Wear volume results obtained by using the different lubricants under unelectrified (0A) and electrified conditions (1.5, 3 A): (a) wear in disc samples; (b) 
wear in pin samples. The bars represent the mean value obtained from the three repeats conducted while the error bars correspond to the standard deviation. 
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Fig. 6. SEM images obtained from the pin samples for the mineral base oil 
under: (a) unelectrified (OA) sliding condition; (b) electrified (3 A) 
sliding condition. 


chemical stability and superior dielectric properties of this oil. The in- 
crease of wear by electrification in the oils is mainly associated with the 
oxidation of the gear steel interfaces, as previously demonstrated for 
other types of steels (including AISI 52100) in Ref. [30]. In that study, 
the external current applied to the interface was found to drastically 
accelerate oxidation of the steel, causing rapid formation of hematite 
(a-Fe?0°) type oxide (whose hardness is in the range of 2.7-8.3 GPa 
[31]) products on the contact interface for both dry and lubricated 
electrified sliding conditions. Thus, the large volumes of oxide products 
formed on the wear scars are detached as oxide-based wear debris 
particles on these samples and caused oxidative wear which subse- 
quently accelerated three-body abrasion or abrasive wear, and thus, 
significantly increased overall wear. As an evidence of the rapid for- 
mation of the oxide layer over the wear scar, a couple of photographic 
images of the gear steel disc specimens after unelectrified and electrified 
(3A) tests using the base oil are shown in Fig. 5a and b, respectively, for 
comparison. In addition, SEM images of the wear patterns of each pin 
sample tested with the oils are illustrated in Fig . In general, mild 
adhesive wear and abrasion patterns were found for unelectrified and 
electrified tests, respectively, for the three types of oils tested. Mild 
adhesive wear is an early stage of adhesive wear occurring during initial 
period through the wear and tear of the asperities and these may be 
visualized as polishing and some slight abrasive marks, as shown in 

a. It is almost not visible with the naked eye but is 


Wear 523 (2023) 204782 


Sliding 
direction 


Mild adhesive wear 
and some abrasive 
marks 


Sliding 


Fig. 7. SEM images obtained from the pin samples for the gear oil under: (a) 
unelectrified (0A) sliding condition; (b) electrified (3 A) sliding condition. 


commonly noted with further microscopy analyses over the wear scar. 
More obvious and larger scratch marks were identified in the scars 
produced by electrified condition for all the oils and these are believed 
to be mostly due to the three-body abrasion caused by the more exten- 
sive oxidation or oxide particle formation under this condition. 

The observed mean coefficient of friction (CoF) and maximum 
temperature rise caused by the different levels of electrification can be 
seen in Fig. 9 for all the oils tested. In the cases of gear oil and base oil, a 
decrease in CoF was noticed under electrification at 3A while trans- 
former oil did not exhibit any significant change. Besides, the variations 
in CoF, ECR and temperature with sliding distance for all the electrified 
tests are shown in Figs . The alteration of friction by electri- 
fication can be associated with charge-promoted adsorption of ions from 
additives and/or oil molecules and redox reactions under such condi- 
tions promoting more copious metal oxide formation [21]. The negli- 
gible CoF alteration for transformer oil can be related to its chemical 
composition or formulation, which is specifically designed to insulate 
electrical systems, beside exhibiting high thermal stability and reducing 
oxidation. Transformer oils are additized with special inhibitors that can 
withstand decomposition or breakdown, curtail the formation of gas 
bubbles, keep interfacial tension and control oxidation to neutralize 
ionized radicals that can trigger oxidation [32]. Typically, the inhibitors 
used in transformer oils to extend the service life and limit oil oxidation 
are polynuclear aromatic hydrocarbons or anti-oxidants such as 2, 
6-di-tertiary-butylphenol, 2,6-di-tertiary-butyl-4-methylphenol and 2, 
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Fig. 8. SEM images obtained from the pin samples for the transformer oil 
under: (a) unelectrified (0A) sliding condition; (b) electrified (3 A) 
sliding condition. 
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Fig. 9. Coefficient of friction (CoF) and temperature change (AT) results ob- 
tained for the three different oils (gear oil, mineral oil and transformer oil). The 
bars represent the mean value obtained from the three repeats conducted while 
the error bars correspond to the standard deviation. 


6-di-tertiary-butyl-para-cresol [33]. In general, all the tested oils pre- 
sented an increase of contact temperature by electrification and sliding 
distance; gear oil and mineral oil exhibiting the highest temperature 
increases. It can be ascribed to friction and their low dielectric strength 
which can promote more severe and frequent breakdowns and thus 
current discharge at the sliding interfaces. The temperature at asperities 
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Fig. 10. Behavior of coefficient of friction (CoF), electrical contact resistance 
(ECR) and temperature with sliding distance for the electrified tests at 1.5A 
using different lubricants: (a) gear oil; (b) mineral oil; and (c) transformer oil. 


contact spots during lubricated sliding of highly loaded gears can reach 
values in the range of 130-300 °C for unelectrified condition [34], so 
much higher temperatures at local asperities contact for electrified 
condition can be expected. These high temperatures at local asperities 
contacts promote chemical changes (degradation) of the lubricant to 
some extent. In order to identify the possible changes to the oils tested, 
the IR spectra obtained for the oil samples are compared in Fig. 12a-c. It 
was found that electrification did not produce noticeable chemical 
changes to the gear oil and transformer oil. However, it generated some 
chemical changes for the base oil. Slight transmittance decreases in the 
regions near to 1720 and 2350 cm ! were identified. They correspond to 
the axial deformation of the carbonyl group (mineral oil oxidation 
products) and CO% absorption, respectively [35]. 


J.A. Cao-Romero-Gallegos et al. 


a Gear oil 3.0A 
0.18 m 
E) 
0.16 = 
> z 
5 0.14 E) 
2 5 
= 
F 0.12 € G 
£ H 
¥ o ae: 
E T 
= 0.08 a os 
F = = 6 
= 0.06 z£ 
ë —ECR ee 
v oe 
Š 0.04 ie 
© — Temperature = 
0.02 Š 
= 
0 ——— a +— 4 0 
0 100 200 300 400 500 600 
Sliding distance (m) 
b Mineral oil 3.0A 
0.18 
q 
0.16 = 
E z 
© 04 a 
= a 
m A 
gon ze 
$ ül Z: 
3 HE- 
= 0.08 E- 
z —CoF 35 
č 0.06 58 
se 
—ECR S 
5 0.04 z 
v 7 
— Temperature =] 
0,02 ps A 
il 
0 4 t t i 1 0 
0 100 200 300 100 500 600 
Sliding distance (m) 
c Transformer oil 3.0A 
0.16 70 
g 
0.14 60 = 
onz : 
gon s Š 
a & 
2 01 a ¢ 
= 4 SB 
i c E 
& 008 2E 
Z 30 g g 
E 0.06 CoF = & 
z 8 
E 2 Se 
Z 0.04 ——ECR ~ = 
i —T ratur E 
0.02 emperature 10 FA 
b 
(a a ree i a ta al Ai a A, 
0 0 


0 100 200 300 400 500 600 
Sliding distance (m) 


Fig. 11. Behavior of coefficient of friction (CoF), electrical contact resistance 
(ECR) and temperature with sliding distance for the electrified tests at 3A using 
different lubricants: (a) gear oil; (b) mineral oil; and (c) transformer oil. 


4. Conclusions 


In this work, an extensive set of pin-on-disc experiments was carried 
out for studying the effects of DC electrification (1.5 and 3 A) on the 
lubricated sliding wear of a gear steel material by using three different 
lubricants (neat mineral base oil, a fully formulated gear oil and a 
transformer oil). Wear volumes and underlying mechanism, CoF, con- 
tact temperature and changes in oil chemistry were analyzed. The main 
conclusions derived can be summarized as follows. 


- The wear volume of both the pin and disc samples increased signif- 
icantly (about >100% for pin samples) by applying external elec- 
trical currents for both the base oil and gear oil; the mineral base oil 
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Fig. 12. Infrared (IR) spectroscopy spectra obtained under unelectrified and 
electrified (3A) testing for: (a) mineral base oil; (b) gear oil; and (c) trans- 
former oil. 


presenting the largest overall wear volume increased among all 
cases. 
- The wear volume increase for transformer oil was negligible under 
electrification, and this was ascribed to the high chemical stability 
and dielectric properties of this oil. 
Mild adhesive wear and three-body abrasion were the mechanisms 
associated with the unelectrified and electrified test cases, respec- 
tively, for the oils tested. Electrification promoted accelerated metal 
oxidation. The oxide products formed by electrification were de- 
tached by sliding and caused three-body abrasion, which in turns 
increased wear volumes. 
The CoF of gear oil and base oil presented a decrease by electrifi- 
cation while transformer oil did not exhibit a significant change. In 
general, the CoF alteration was ascribed to charge-promoted 
adsorption of ions from additives and/or oil molecules and metal 
oxidation. 
- The oils presented an increase of contact temperature by electrifi- 
cation due to occurrence of electrical breakdowns at the sliding 
interface. However, gear oil and mineral oil exhibiting the highest 
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temperature increases, which was associated to their low dielectric 
strength. 

- Electrification only produced noticeable chemical changes to the 
mineral base oil. According to the IR spectra obtained, it generated 
slight increases in the peaks near to 1720 and 2350 cm™1, corre- 
sponding to the axial deformation of the carbonyl group and CO2 
absorption, respectively. 

- Finally, it was found that the adaptation of the pin-on-disc tester to 
perform electrified sliding wear tests can be suitable for conducting 
fast evaluation/screening of lubricants and materials which are 
susceptible to operate under electric environments, such as those 
used for gears from electric vehicles, or even, electricity generation 
drive lines. 
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